Abstract The inertization of sewage sludge in ceramic matrices to be used in structural or red ceramic material for buildings has proved to be a good case of reuse of waste material. However, its practical application has not yet been fully implemented in real-case scenarios, and environmental concern seems to be the main hurdle to overcome for its definitive massive approval by the building industry. In this contribution, air emissions related to the sintering of ceramic bricks made of mixtures of clay with some percentage of sewage sludge have been analyzed (in terms of gases, suspended particles and odors). Tests conducted during this work have shown higher VOC emissions in samples with some percentage of sludge in their composition (still under the regulated emission limit values), and some of them (mercaptans) are associated with odor nuisances. Besides, limit emissions values were exceeded by three inorganic pollutants (suspended particles, NO x and HCl). Measurements in an industrial scenario test showed a high variability in air pollution emissions, suggesting the need of in situ testing for definitive implementation. With the experience collected in this and several previous works in the area of emissions related to the production of added sewage sludge ceramic, some guidelines and recommendations are given to minimize the environmental impact of ceramic production plants implementing this particular waste revalorization process. Guidelines cover different aspects: workplace implementation of gas cleaning equipment; geographical context and local wind pattern analysis; monitoring of emission and immission levels; and information policy through social control participation procedures for reporting of nuisance episodes.
Introduction
Treatment and disposal of sewage sludge resulting from wastewater treatment plant (WWTP) operation represent a high toll to pay to ensure safety of water for the population, the agriculture and the industry. Besides, the fact that this type of waste is classified as hazardous and toxic by regulations makes its pre-disposal treatment (incineration) even more costly (Han and Sculli 1991) (Fig. 1) . Despite the countless number of incinerators installed in EU (Reichel et al. 2014) , there is a social rejection to treating this type of waste in incineration facilities. Under this scenario, it is worth carefully analyzing any possible solution leading to a reduction in the amount of sludge to be treated. Among the different available options, valorization and reutilization are the preferred and cheapest ones.
One of the possible approaches for valorization of sewage sludge is to use it as raw material for manufacturing of ceramic material for construction. This possibility has been extensively studied over the past two decades (Lin and Weng 2001; Liew et al. 2004; Jordan et al. 2005; Szoke and Muntean 2009; Chen et al. 2012; Martínez-García et al. 2014) . These studies have proved the technical feasibility of ceramic material made from wet mixtures of clays with added sludge waste (in a maximum percentage of 25 wt%) for its use in the construction sector.
Production of red or structural ceramics incorporating in its formulation sewage sludge from WWTP can be one of the possible ways of disposal of these toxic wastes. The thermal process destroys pathogens (viruses and bacteria), makes heavy metals inert and destroys potentially dangerous complex molecular compounds. It is necessary, however, a control and treatment of VOC produced during the process of ceramic sintering. Although this Fig. 1 Sewage sludge from WWTP which daily production is equivalent to 1 kg per inhabitant. It is a hazardous waste makes the production process more complex with the consequent increase in costs of implementation and maintenance, it would allow to obtain two important objectives: (1) final and secure disposal of a hazardous waste and (2) valuation in a commercial product of great demand with less weight and higher thermal insulation.
Some performing properties of these new ceramic products are (Devant et al. 2011 ): (a) acceptable resistance to compression according to standards ([5 MPa) (UNE 67-026-94 1994) , (b) significant reduction in thermal conductivity over conventional ceramic (0.4 W m
, approximately), (c) reduction in sound transmission coefficient (51 dBA) and (d) low levels of leaching of heavy metals and other polluting compounds, below limit values in regulations (Gèric et al. 2012) .
As a counterpart, gaseous emissions and odors are the main environmental issue concerning the manufacturing process of ceramic material with added sludge. However, it should be noted that the sinterization of sludge is more advantageous, in terms of air pollution, than other ''waste reduction'' processes such as incineration, pyrolysis, gasification and wet oxidation (Fytili and Zabaniotou 2008) . In addition, with regard to CO 2 emissions, sewage sludge is classified as biomass, which means that emissions related to its combustion are considered as ''carbon neutral'' when accounting for greenhouse gas (GHG) emission inventories and the limitations set in the Kyoto Protocol (United Nations 2015).
This paper describes first laboratory tests for characterization of raw materials and the methodology to produce sludge-added ceramic products for construction uses (clay bricks, red ceramics, etc.). Second, air pollution emissions related to the manufacturing process of this material are analyzed. Finally, some guidelines and recommendations are given for minimizing the environmental impact associated with these emissions during manufacturing of ceramic products with added sewage sludge. These guidelines will be useful for the planning of future plants or the adaptation of the existing ones.
Materials and methods

Raw materials
Several tests were conducted on a collection of ceramic pieces fabricated using a mixture of clays, sewage sludge from WWTP and forest debris (sawdust) at dry weight ratios of 80:15:5, respectively. The mixture was sprayed with fine droplets of water in a 10-liter mixing bowl (Controls, model BT72). Chemical composition of the major inorganic compounds of the raw materials used was obtained by X-ray fluorescence (Philips PW2510 spectrometer). Also, a qualitative analysis of the clays was done by X-ray diffractometry (Siemens XRD analyzer, model D500). Regarding heavy metal content, the samples were first calcinated at 450°C, and then, metals obtained were extracted with acid according to the EN-12457-1 standard (EN-12457-1 2002).
Preparation of the sludge-added ceramic samples
To fabricate the added sludge ceramic samples, first, a mixture of clay and sludge, which will be called ''clay/sludge,'' was dampened until getting a homogenous material. After extrusion at 10 atm (extruder Verdés, model 050-C), the collection of rectangular bars (5 or 12 cm long) were dried, first at room temperature for 24 h and then for another 24 h, in a stove (Raypa, model DO-40) at 100°C. Finally, they were cooked in a propane oven (Formagas, up to 1000°C, by following a heating rate of 160°C per hour. Then, a constant 1000°C temperature was maintained in the oven for 3 more hours, following a natural cooling of the pieces at room temperature for 12 more hours .
Air emissions sampling
Gas emissions during the firing process were collected at the stack (300 mm diameter) of the oven and analyzed according to the US EPA Reference Methods (EPA, 1994) . The sampling point at the stack was located at a distance from its base of 20.7 m above ground level (6.9 times its diameter). The distance from the top of the stack was 0.93 m (3.1 diameters). Three samples were obtained during firing one for each temperature range: 20-500°C, 500-40°C and 940°C. Calcination of sludge and sawdust takes place during the first temperature range; sintering process of clay bricks occurs during the second range; and the final ceramization of bricks is produced at 940°C . It should be mentioned that test pieces with 100% clay (conventional ceramics, which we will identified with the name of ''clay'' sample) were also produced for the sake of comparison with mixed ceramics. The collected air samples were analyzed through gas chromatography (with mass selective detection) after using thermal desorption (Cusidó et al. 2003) .
3 Results and discussion
Characterization of samples
Chemical composition of the major inorganic compounds of the raw materials used is given in Table 1 . The qualitative analysis of the clays by X-ray diffractometry found that the main compounds present in the clays were: quartz (SiO 2 ), chlorite [(Mg,Fe) 
Air emissions assessment related to ceramic sintering with sewage sludge
Atmospheric emissions of volatile organic compounds (VOCs) and inorganic compounds during the firing process are included in Tables 2 and 3 , respectively. The authors refer to Cusidó et al. (2003) for exhaustive details on emissions analysis. Results showed that VOC emissions are higher for samples including sewage sludge than for 100% clay pieces, although the threshold limit values with time-weighted average (TLV-TWA) were never exceeded for any of the cases. Only odor detection threshold values (OD) were exceeded for a few compounds (dimethyl disulfide, methyl mercaptan, acetic acid). When compared to emissions associated with direct sewage sludge burning in a one fluidized-bed incinerator, differences were observed in concentrations for complex compounds such as benzene, toluene, ethylbenzene, acrylonitrile and acetonitrile (Tirey et al. 1991) . Finally, VOC emission concentrations when firing 100% clay bricks were always under the OD thresholds. For those cases, most of the VOC emissions were associated with the use of propane gas in the furnace. Concentrations of inorganic compounds found in the emissions during the firing process are given in Table 3 , together with the maximum limit values defined by the Catalan regulation applicable to solid waste incineration processes (DOGC 1994) . Inorganic emissions during the firing process were higher for clay pieces with incorporated sludge than for 100% clay pieces (with the exception of hydrogen fluoride (HF) emission, which were higher in only-clay pieces, demonstrating that emissions for this particular compound are associated with the presence of clay in the piece, more than to the addition of waste sludge).
Only NO x , suspended particles and HCl showed concentrations above their respective threshold levels. Regarding NO x , their emissions can be easily minimized by better control of management of the temperature and atmosphere conditions in the oven during the firing process (Patrick 1994; Niessen 2002) . It is expected that during industrial implementation values below their maximum limit allowed will be found. With respect to suspended particles, their concentration is highly dependent on the oven type (streams, recirculations, etc.). Analysis listed in Table 3 showed a high HCl concentration in emissions in comparison to that of clay bricks. This has to do with the presence of HCl in the added sludge, which is associated with water chlorination during its waste water treatment process. However, the tendency in modern WWTP is to diminish the use of chlorine in the treatment process. This would result in a reduction in HCl emissions during the ceramic sintering of mixed bricks.
Recommended guidelines for industrial implementation
Implementation of any production plant of clay/sludge brick must be accompanied by specific measures to minimize the presence of pollutants in the air (emission) and the assessment of their potential area of impact in the surroundings (immission), which might affect the population directly or indirectly (through the food chain) in the medium and long term. Since no specific air emissions regulations exist to be applied to plants leading with sewage sludge, the applicable regulations would be those regarding emission limits for Table 4 . Nevertheless, the process of ceramization could be assimilated to a thermal process of pyrolysis where emissions are significantly lower than those for an incineration. An industrial-scale long-term study was conducted in a ceramic plant, CEASA (Papiol, Barcelona), which was producing bricks during 10 days from 240 t clay/sludge mixture with the same formulation as the one used in the laboratory test described above (Devant 2003) (Figs. 2 and 3) . Its emissions contained high levels of CO (1100 ). These levels are above the regulated emission limits. It was detected the existence of unburnt organic matter which was responsible for strong smells. HCl emission was associated with the presence of chlorine in both, clays and sewage sludge, which can be corrected by adapting the furnace firing curve and filters. From the analysis of the emitted gases, a total of 57 VOC were found. The most significant compounds were: benzene (C 6 H 6 , 1172 mg Nm ), 4-methylpentanenitrile (C 6 H 11 N, 697 mg Nm -3 ), benzonitrile ? isociane-benzene (C 7 H 5 N ? C 7 H 5 , 1003 mg Nm -3 ). These results suggest that there is a high variability in air pollution emissions related to firing clay/sludge and are highly dependent on the firing curve and the furnace conditions. Therefore, it is always advisable to perform not only previous laboratory-scale studies of gaseous emissions and odors, but also in situ emissions studies in the industrial plant to assess the degree of compliance of emissions regulations. Regarding immissions, study of the dispersion of gases, particles and odors mathematical models for continuous point sources can be applied, being the Gaussian plume model a well-known option (Stockie 2011 ). There are a number of available computer programs based on this scheme, such as some of the models recommended by the Support Center for Regulatory Atmospheric Modeling of the US EPA [i.e., AERMOD or CAL-PUFF (SCRAM 2015) ]. 3D mesoscale atmospheric and dispersion models are able to predict the behavior and evolution of relevant variables (wind speed and direction, pressure, temperature, humidity content and precipitation). These types of models use numerical methods to solve equations representing a fluid in a rotational system (air) and its interactions with the terrain. They also can reproduce the different energy exchanges during the daily cycle. In turn, they require more computing power than the Gaussian ones. An example of this type of modeling is TAPM (The Air Pollution Model) (Hurley 2005) . Fig. 3 Picture of the texture of the clay/sludge material after sintering, showing great porosity due to the organic matter present in initial composition. This gives interesting thermal and acoustic properties to the final product (Cusidó et al. 2003) Tackling environmental issues in industrial ceramic… 1659
From all the information presented, some recommendations and guidelines are suggested to be taken into account to minimize the impact on air quality associated with the manufacturing of this sludge-added material:
(i) Implementations related to the workplace:
• Use of a tower for biological washing of gases that are introduced into the kiln.
• Cyclones to capture particulate emissions from stacks, • Post-combustion cycle of at least 2 s of residence time between 800 and 900°C and 20% excess air to complete combustion of VOC, dioxins, furans and CO (Niessen 2002 ).
• A system of gas/gas exchanger is also recommended for the utilization of gases for drying or pre-baking (e.g., Solvay NEUTRECÒ system).
• Biological filters or other methods for removing odors (if the site is close to residential areas).
• Applying all other considerations regarding the treatment of toxic and hazardous wastes as described by EPA (1990) and subsequent regulations.
(ii) Regarding the location of the plant (either new or adapted from a preexisting one):
• Recommended locations would be in rural and sparsely populated environments.
• Knowledge of the climatic characteristics of the site (solar radiation, humidity and, in particular, the existence of weather situations of temperature inversion of great importance in the selection of the location).
• Good knowledge of local wind patterns including an orographic study. Wind causes a horizontal dispersion of air pollutants and determines the area that will be exposed to immission. Generally, the higher the wind speed, the lower the concentrations of pollutants at ground level since there would be a greater dispersion and mixing. However, adverse weather conditions (closed wind circulations, such as sea breezes, or temperature inversions) can create negative conditions by increasing pollutant concentrations in certain areas due to convective vertical transport.
(iii) Control of emissions/immissions:
• Implementation of air quality monitoring plans for air emission parameters (concentrations, flow rates, temperatures).
• Regarding immission concentrations, monitoring of the impacted area requires the installation of sensors for the following parameters: (a) continuous emission monitoring (CEM) of particles, SO 2 , CO, O 2 , NO x , HCl among others depending on each case, (b) on a regular basis or even exceptionally in our case, stack tests of dioxins, furans, heavy metals, being unnecessary measurements of Hg, (c) environmental monitoring (air, water, soil, food, etc.) around the industrial plant in a random manner.
• It is recommended to facilitate inspections, certifications of qualification of the personnel as well as sanitary control, safety equipment, etc.
(iv) Information policy:
• This type of installations is usually associated with the existence of a strong social opposition to the implementation of the process of sludge inertization in ceramic matrices. It often creates social alarm due to unfamiliarity and lack of information about this novel process. Establishing a line of serious and truthful information can help achieve the acquiescence of the surrounding population, in particular if they are thoroughly informed about the implementation of measures of environmental prevention and monitoring in order to minimize/reduce risk to the health of the inhabitants.
• On the other hand, to inform population on the environmental benefits of the technology (reduction in GHG and waste in landfills) and the products obtained should contribute to the acceptance of the definitive industrial implementation of the new ceramic product.
It is advisable to implement social control participation procedures for engaging residents in the notification and reporting of nuisance episodes on a regular basis, particularly related to odor episodes (Gallego et al. 2008) .
Conclusions
The production of ceramic material for construction from clay/sewage sludge mixtures can be a real solution for the safe disposal of waste from WWTP. However, environmental issues seem to be an obstacle to its widespread implementation, despite its several advantages (economically and environmentally).
Tests carried out on ceramic pieces obtained using clay/sludge found that particles and HCl are the compounds whose concentrations exceed the permitted limit values. Regarding the NO x emissions, they also exceed their limit values but emission concentrations of the same order as in conventional production of clay brick. The only organic compound that far exceeded its OD was methyl mercaptan.
When compared to incineration of sludge and its associated high load of air pollution emissions, the option of valorization of sludge as raw material seems to be a good alternative for production of ceramic products of high demand (such as clay bricks).
For the implementation of the industrial production, it is advisable to carry out laboratory studies, since these residues (as well as the clays) have very varying characteristics depending of their site of origin. The application of the regulations of each country, as well as the existence of technologies for the treatment of gases, odors and particulates, would allow a clean production in accordance with legal standards.
Some guidelines have been proposed to ensure the industrial operation of a new industrial production line, under minimum impact on the surrounding area. If well designed, emissions from this process are lower than those of any other currently available process for thermal treatment of sewage waste. In addition, this production implies a complete removal of sludge as a waste and its valorization into a commercial product with added value.
